Over-engagement of the mesolimbic dopamine system is thought to enhance motivation in adolescents. Whereas human neuroimaging has characterized event-evoked responses of the mesolimbic system in adolescents, research has yet to characterize state-dependent engagement (i.e., seconds to minutes) of this system in goal-relevant contexts. In the current longitudinal study, we characterized age-related changes in state-dependent coupling in male and female human participants ranging in age from adolescence to adulthood. Analyses focused on two key regions of the mesolimbic dopamine system, the ventral tegmental area (VTA) and nucleus accumbens (NAcc). Although there were no differences in VTA-NAcc functional coupling in a resting-state context, VTA-NAcc functional coupling was enhanced in preadolescence/early adolescence and decreased into adulthood in a motivational context, in which individuals had to translate goal-relevant cues into instrumental actions. Furthermore, we found that task-related activation in orbitofrontal cortex, middle temporal gyrus, and visual association cortex partially mediated age-related changes in state-dependent VTA-NAcc functional coupling.
Introduction
Adolescence is characterized by increased motivation, which is thought to promote risk-taking behaviors that can undermine survival (Luna et al., 2015; Shulman et al., 2016) . Increased motivation and initiation of goal-oriented behaviors in adolescence may result from an over-engagement of mesolimbic dopamine systems (Luna et al., 2015; Shulman et al., 2016) , including projections from the ventral tegmental area (VTA) to the nucleus accumbens (NAcc). In rodents, the mesolimbic dopamine sys-tems fire more strongly in response to rewards in adolescents versus adults (Wahlstrom et al., 2010a,b) , which has also been shown in humans (Padmanabhan and Luna, 2014; Silverman et al., 2015) . In rodents, adolescents also show increased sustained engagement of mesolimbic systems (i.e., tonic dopamine firing). In humans, less is known about the neurodevelopment of statedependent interactions between the VTA and NAcc. The current study characterizes longitudinal neurodevelopment trajectories of VTA-NAcc interactions across motivation (operationalized as a context in which individuals translated goal-relevant cues into instrumental actions) and resting-state contexts.
A growing body of human neuroimaging has detailed changes in mesolimbic systems unique to adolescence (Padmanabhan and Luna, 2014; Murty et al., 2016; Telzer, 2016) , including increased engagement of regions within the mesolimbic system during motivated behaviors that peaks during adolescence (Silverman et al., 2015) . Research has also shown that NAcc responsivity relates to a variety of goal-oriented behaviors in adolescence van Duijvenvoorde et al., 2014; Hawes et al., 2017) . Although this research has characterized human NAcc responses in adolescents, open questions remain regarding the role of the VTA in adolescent neurodevelopment.
Animal models of mesolimbic systems have characterized the mechanistic underpinning of increased motivation, showing that increased tonic dopamine signaling can increase sensitivity to salient stimuli, such as rewards (Grace et al., 2007; Grace, 2016) . Specifically, when animals are in motivationally relevant contexts, there is greater prolonged, baseline firing of the VTA. In turn, increased baseline firing across VTA and NAcc results in greater behavioral activation and motivated behavior (Shohamy and Adcock, 2010; Norbury and Husain, 2015) . In regards to development, animal models posit that prolonged, context-dependent increases in dopamine availability and signaling in adolescence increase motivation and the initiation of goal-oriented behaviors (Wahlstrom et al., 2010a,b) . Many facets of these animal models of development, particularly state-dependent increases in mesolimbic systems, have yet to be tested in humans.
Methodological advancements in human neuroimaging allow for the characterization of state-dependent functional coupling. "Background connectivity" analyses have been developed to investigate context-dependent changes in network connectivity over prolonged time scales (Al-Aidroos et al., 2012; Norman-Haignere et al., 2012; Duncan et al., 2014) . This approach removes variance associated with event-evoked activity from neuroimaging data, thus allowing for the characterization of state-dependent shifts in connectivity extending across entire task contexts. Accordingly, this approach measures changes in network connectivity persisting over an entire behavioral context (i.e., seconds to minutes) rather than in response to discrete cues (i.e., milliseconds to seconds).
A secondary goal of the study was to characterize how cortical detection of task-related cues influences changes in background connectivity throughout development. Prior work has suggested that cortical inputs in response to task-related cues (i.e., phasiclike responses) regulates VTA engagement . Furthermore, recent rodent research shows that phasic increases in dopamine signaling can increase statedependent engagement of the mesolimbic system for prolonged periods of time (Lohani et al., 2018) . These findings suggest that age-related differences in the cortical detection of task-relevant cues may be associated with downstream engagement of statedependent functional coupling.
The current study characterizes neurodevelopmental trajectories of state-dependent changes in VTA-NAcc functional coupling, a putative indirect marker of functional connectivity within the mesolimbic dopamine system. Using a fast, longitudinal design, we acquired functional magnetic resonance imaging (fMRI) data during resting state and a motivation context (a task with rewards, loss, and neutral trials) on participants ranging from adolescence to early adulthood. Critically, we operationalize our motivational contexts as a general state in which participants are initiated goal-oriented behaviors, rather than a context specific to reward incentives. We implemented background connectivity techniques to characterize changes in VTA-NAcc connectivity that reflect state-dependent, rather than event-evoked, engagement. We also examined how event-evoked reactivity in response to motivationally relevant cues related to age-related changes in VTA-NAcc state-dependent coupling. We hypothesized that VTA-NAcc coupling in the motivated context would be greatest during adolescence and decrease into adulthood. Fur-thermore, we hypothesized that these developmental trajectories would be specific to motivation contexts and would be associated with cortical event-evoked responses.
Materials and Methods

Participants
Data from 180 participants were analyzed (84 females; age range, 10.1-30.3 years; median age, 18.1 years). In this longitudinal design, participants completed one to three visits with 106 participants completing one visit, 29 participants completing two visits, and 45 participants completing three visits (total visits, 299) . The median interval between visits was 1.6 years (range, 1.0 -4.4 years). Each visit included behavioral assessments in addition to an MRI scan. Participants were recruited from the local population and were screened for psychiatric and neurological problems, medication history, first-degree relatives with major psychiatric illness, and MRI contraindications (e.g., claustrophobia, metal in the body, pregnancy). Participants and their parents (for subjects under the age of 18) gave informed consent, which was approved by the University of Pittsburgh Institutional Review Board. Previous publications have reported on separate research inquiries on subsets of this dataset (Marek et al., 2015; Paulsen et al., 2015; Hawes et al., 2017; Jalbrzikowski et al., 2017) .
Resting-state and motivation (rewarded antisaccade) tasks
To characterize context-dependent developmental trajectories, we analyzed fMRI data collected during a resting-state and a motivation task.
During the resting-state scan, participants were instructed to keep their eyes open and fixate on a cross that was displayed on the center of the screen for 5 min.
During the motivation task, participants completed a rewarded antisaccade paradigm as described previously (Paulsen et al., 2015) . On each trial, participants first viewed a cue for 1.5 s indicating whether they could gain points (green bars indicating Reward), lose points (red bars indicating Loss), or neither gain or lose points (gray bars indicating Neutral) for successful performance during a subsequent antisaccade. Participants then viewed a central fixation cross for 1.5 s during a preparatory period, which was replaced by a small yellow dot placed in one of three unpredictable peripheral locations in the horizontal meridian. Participants were required to saccade to the mirror location of the dot after its presentation. Immediately after the saccade, participants heard a cash register sound for successful performance or a buzzer sound for incorrect responses. This was followed by an intertrial interval varying from 1.5 to 19.5 s after an exponential distribution. Saccade metrics were obtained using a long-range optics eye-tracking system to determine correct responses. Over the course of four runs of the motivation task, participants completed 56 reward, neutral, and loss trials. In addition to these trials, participants viewed an additional 72 partial trials (i.e., catch trials) in which cues were presented in isolation or in addition to the preparatory period, without presentation of the yellow antisaccade dot. These catch trials allowed us to better model each period of the trial (cue, preparation, antisaccade). More details on the task, incentive structure, and eyetracking software/analysis are described in detail previously (Paulsen et al., 2015) .
MR data acquisition and preprocessing
MRI data were collected using a 3.0T Siemens Trio scanner. fMRI data were collected during the motivation task (rewarded AS) and resting state. For both acquisitions, a single-shot echoplanar imaging sequence sensitive to BOLD contrast (T2*) was collected (TR, 1.5 s; TE, 25 ms; flip angle, 70°; in-plane resolution, 3.125 mm; slice thickness, 4 mm; Anterior Commisure/Posterior Commisure aligned rest, 200 acquisitions; reward, 302 * 4 runs). In addition, we collected a high-resolution anatomical image (MPRAGE; 192 slices; slice thickness, 1 mm) for use in spatial normalization.
Resting-state fMRI data were preprocessed using a pipeline designed to minimize the effects of head motion . This included simultaneous 4D slice-timing and head motion correction, skull stripping, intensity thresholding, wavelet despiking (Patel et al., 2014), coregistration to the MPRAGE, nonlinear warping to MNI space, spatial smoothing with a 5 mm Gaussian kernel, intensity normalization, and nuisance regression based on head motion (6°of translation/rotation and their first derivative) and non-gray matter signal (white matter and CSF and their first derivative). Bandpass filtering between 0.01875 and 0.08 Hz was done simultaneously with nuisance regression. Preprocessing of the fMRI data from the motivation task was implemented to parallel the resting-state data with a few modifications (detailed below). fMRI data underwent slice-timing correction, head motion correction, skull stripping, intensity thresholding, wavelet despiking, coregistration/ normalization, spatial smoothing, intensity normalization, nuisance regression, and high-pass filtering as described above. In both datasets, wavelet despiking was used as an alternative to "censoring" or "scrubbing" individual time points associated with head motion. This approach accounts for both high-and low-frequency artifacts that can either be linearly or nonlinearly associated with head motion (www.brainwavelet.org).
To investigate context-related connectivity, as opposed to task-evoked connectivity, we implemented a background connectivity approach (Al-Aidroos et al., 2012; Duncan et al., 2014) . First, we regressed out taskrelated components of the time series using a general linear model (GLM). For each session, we concatenated the time series across the four runs. We concatenated across runs to allow for a better estimation of task-evoked response, which should provide a better estimation of background connectivity. Task-related events were modeled using 3dDeconvolve in AFNI. Events were modeled using a TENT function to estimate the hemodynamic response for 22.5 s after each event in 1.5 s increments. The TENT function, as opposed to using a canonical hemodynamic response function (HRF), does not make assumptions about the shape of HRF responses and thus should more adequately remove task-evoked signals from the time series. We modeled the following task conditions/ events: Neutral Cue, Punishment Cue, Reward Cue, Neutral Preparation, Punishment Preparation, Reward Preparation, Neutral Antisaccade, Punishment Antisaccade, Reward Antisaccade. We also separately modeled incorrect trials across neutral, punishment, and reward conditions as well as trials in which we did not obtain good eye tracking (excluding catch trials). The residuals from this model (i.e., the error term from the GLM) were then bandpass filtered to match the temporal characteristics of the resting-state data.
Experimental design and statistical analysis
Functional connectivity analysis. To explore functional connectivity in motivation and resting contexts, we calculated pairwise correlations across regions of interest (ROIs) for the time series extracted from resting-state and motivation tasks. ROIs included the VTA, the NAcc, and the caudate. ROIs were defined from probabilistic atlases set to a threshold of 75% overlap from a probabilistic atlas of the VTA (Murty et al., 2014) and the Harvard-Oxford subcortical probabilistic atlas for the NAcc and caudate (Frazier et al., 2005) . Individual r values were then z-transformed across visits within each task context. To assess differences in connectivity as a function of age and task context, we implemented a linear mixed-effects model as implemented in MATLAB R2016a with the z-transformed correlation value as the dependent variable and condition (rest, motivation), age Ϫ1 , head motion 2 , and sex as fixed-effects factors. To account for the longitudinal nature of the data, we included participant ID, which represents the individual, as a random-effects factor. To investigate the directionality of any age * context interactions, we ran post hoc linear mixed-effects models separately for the rest and incentive data, while still modeling age Ϫ1 , head motion 2 , and sex as fixed-effects factors and participant ID as a random-effects factor. Data were considered significant at p Ͻ 0.05.
We opted to characterize developmental changes with an age Ϫ1 (i.e., inverse age) rather than a linear age given hypotheses that development is a time period characterized by an initial period of significant growth followed importantly by a period of stabilization into adulthood. Furthermore, previous research from our laboratory has shown that this function provides a better fit than linear age for cognitive development (Ordaz et al., 2013; Simmonds et al., 2017) . Further in our sample, statistically age Ϫ1 resulted in marginally better model fits of the data than linear age (linear: BIC, 1682; inverse: BIC, 1679).
Cue-evoked activation/mediation analysis. To determine how cueevoked activation (period when subjects viewed a colored set of bars indicating potential reward, loss, or neither; see Materials and Methods) related to age-related changes in VTA-NAcc background connectivity during the motivation task, we ran a whole-brain mediation analysis. We hypothesized that cue-evoked activity during the motivation task would mediate age-related trajectories in VTA-NAcc connectivity during the motivation task. We hypothesized that cues initiate motivated behavior and that neural representations of these cues would indicate to increase engagement of mesolimbic systems. To this extent, we wanted to estimate cue-evoked activity collapsed across all three trial types, as all of the cues indicated that individuals were in a motivationally relevant context. We opted to focus our analysis collapsing across the cues types, given that functional coupling between the VTA and NAcc may not be specific to reward sensitivity, but rather to general salience (i.e., any cue that indicates a need for an upcoming behavioral response may engage this circuity). Notably, we did not have any significant results for the analyses detailed below when investigating contrasts of reward Ͼ neutral cues, or reward/punishment Ͼ neutral cues. Given this, we remodeled our neuroimaging data to optimize extraction of cue-evoked data. For each session, we concatenated the time series across the four runs of the motivation task. We then modeled task-related events using 3dDeconvolve in AFNI. Events were again modeled using a TENT function to estimate the hemodynamic response for 22.5 s after each event in 1.5 s increments. We modeled the following task conditions/events collapsed across conditions: Cue (colors representing incentive), Preparation (fixation cross), Correct Antisaccade (saccade to mirror location of target), Incorrect Antisaccade (saccade to target), and Dropped Trials (failure to perform the trial). We then averaged the TENT function for each condition across all individual sessions to generate a voxel-specific HRF. Finally, we computed the dot product of each individual's session-specific HRF to cues against the mean HRF to calculate an estimate of cue-evoked activation.
We wanted to identify neural regions whose cue-evoked activity may mediate the relationship between age and VTA-NAcc connectivity. We ran a group-level analysis running a linear regression against whole-brain cue-evoked activity (masked for gray matter) with age Ϫ1 and VTA-NAcc connectivity, respectively, across sessions. We thresholded each of these maps at a liberal threshold of p Ͻ 0.05 (cluster extant, 15 voxels) and generated a conjunction mask between these two maps to define ROIs (a more stringent correction was applied to the mediation analysis). This analysis yielded 18 ROIs. To make sure our analysis approach was not overlooking any interesting results that were specific to cues associated with monetary incentives, we re-ran the same analysis using eventevoked activation when comparing reward Ͼ neutral and punishment Ͼ neutral. However, neither of these analyses yielded significant results.
We then ran a mediation analysis using cue-evoked activation from each of these 18 ROIs as a potential mediator between age Ϫ1 and VTA-NAcc connectivity. Mediation analyses were conducted using the Mediation toolbox as implemented in R, explicitly testing whether cue-evoked activity partially or fully mediated the relationship between age Ϫ1 and VTA-NAcc connectivity. Notably, when estimating cue-evoked activation, differences in background connectivity that extend over the entire time course are captured in the residual term of the GLM, and thus the signals entering our mediation analyses were orthogonal. Significance was tested by computing the significance of the indirect pathway via permutation-based testing and was considered significant at p Ͻ 0.0028 ( p Ͻ 0.05, Bonferroni corrected over 18 ROIs). Notably, participant ID was entered into these models as a random-effects variable, thus accounting for the longitudinal nature of this data analysis.
Brain-behavior correlations. To investigate how VTA-NAcc functional coupling and cue-evoked activation related to motivated behavior, we implemented a linear mixed-effects model as implemented in MATLAB R2016a with motivated performance as the dependent variable, brain activation and age Ϫ1 as the fixed-effects factor, and participant ID as the random-effects factor. For each participant, motivated behavior was calculated as the difference in accuracy on antisaccade trials preceded by reward versus neutral cue, which has previously been shown to be sensitive to age-related reward effects . Age Ϫ1 was included in these models to account for relationships that were driven purely by collinearity with age rather than variability in neural engagement.
Results
Motivational context influences VTA-NAcc developmental trajectories
To test for developmental differences in mesolimbic connectivity in different contexts, we compared functional coupling between the VTA and NAcc (Fig. 1A) as a function of age in resting-state and motivation contexts. Given our interest in context-related differences, we used a background connectivity approach to characterize connectivity during the motivation task. This approach allows us to look at state-dependent differences in connectivity while accounting for any differences in event-evoked activation.
We found a significant interaction between age Ϫ1 and context (motivation, rest) on VTA-NAcc connectivity ( p ϭ 0.008; Table 1 , Model 1). To further characterize this interaction, we separately tested age-related effects on VTA-NAcc connectivity within each context. There was a significant age-related decrease in VTA-NAcc coupling in the motivation context ( p ϭ 0.0004; Fig. 1B ; Table 1 , Model 2), such that VTA-NAcc coupling was highest in during preadolescence/early adolescence and decreased into adulthood. However, there were no significant agerelated effects in VTA-NAcc coupling during resting state ( p ϭ 0.56; Fig. 1C ; Table 1 
, Model 3).
To test the specificity of our neural findings, we tested differences in connectivity of the VTA with the caudate, a region that is in close spatial proximity to the NAcc but does not receive as many inputs from the VTA (Haber and Knutson, 2010) . There were no age * context interactions ( p ϭ 0.63) or main effects of age in either context (motivation, p ϭ 0.38; rest, p ϭ 0.58) in VTA-caudate coupling. These results support that engagement of VTA-NAcc circuits are state dependent and age-related effects are most prominent in motivationally relevant states.
Relationships between age, VTA-NAcc coupling, and cue activation
We next wanted to draw a link between developmental changes in the ability to interpret motivational cues in the environment and how they relate to VTA-NAcc state-dependent functional coupling. We performed a whole-brain, exploratory analysis to identify neural regions whose cue-evoked activity mediated the relationship between age Ϫ1 and VTA-NAcc connectivity during the motivation task. First, we identified 18 neural regions that were related to both age and VTA-NAcc functional coupling across sessions (Table 2) .
Of these 18 regions, only 3 regions were significant in our mediation analysis ( p Ͻ 0.05, Bonferroni corrected). We found that age-related decreases in cue-related activity in the orbitofrontal cortex (OFC; Fig. 2B ) and middle temporal gyrus (Fig.  2C) partially mediated age-related differences in VTA-NAcc connectivity. Furthermore, we found that age-related increases in cue-related activity in the visual association cortex ( Fig. 2A) partially mediated age-related differences in VTA-NAcc connectivity. Notably, there were small but significant relationships in cue-evoked activation of the middle temporal gyrus with visual association cortex and OFC across participants (Table 3) , suggesting that similar mechanisms across regions may be contributing to our mediation effects.
Brain-behavior correlations
There was not a significant relationship between VTA-NAcc coupling in motivated contexts and motivated behavioral performance (Reward Ͼ Neutral; p ϭ 0.98). However, there was a small, but significant, relationship between cue-evoked activation in visual association cortex and motivated behavioral perfor- B, In a motivation context, there were age-related decreases in functional coupling between the VTA and NAcc. C, There was a nonsignificant relationship between age and functional coupling between the VT and NAcc in the resting-state context. Notably, the plots show the longitudinal trajectory between functional coupling and linear age for visualization purposes; however, the statistics reflect a model in which age was characterized as age Ϫ1 . 
Discussion
Previous research has demonstrated enhanced motivation in adolescents (Somerville et al., 2010; Padmanabhan and Luna, 2014; Shulman et al., 2016) . Rodent research supports that increased reward motivation results from increased eventevoked firing and prolonged baseline engagement of mesolimbic dopamine systems (Bjork et al., 2004; Simon and Moghaddam, 2015) . In the current study, we characterized age-related trajectories of state-dependent coupling between the VTA and the NAcc, a proxy of prolonged mesolimbic engagement. In a longitudinal neuroimaging sample, we found context-specific changes in VTA-NAcc circuit development. In motivation contexts (defined as a period where individuals translated incentive cues into goal-oriented behavior), there was increased coupling between the VTA and NAcc that was greatest in preadolescence/early adolescence and decreased into early adulthood. During resting state, there were no age-related differences. These findings extend prior literature on heightened motivation during the adolescent period by adding a novel characterization of state-dependent engagement.
State-dependent changes in adolescent neurodevelopment
Consistent with prior animal models, we found state-dependent, age-related trajectories of VTA-NAcc functional coupling. Compared with adults, preadolescent and adolescent individuals showed heightened connectivity that was unique to a motivationally relevant context in which they performed an antisaccade task where cues indicated the value of exerting cognitive control. By using a background connectivity analysis technique, we were able to characterize changes in functional coupling that extended over the entire task state, rather than transient engagement in response to individual cues, instantiation of cognitive control, or reward outcomes.
These findings dovetail well with an emerging body of animal literature investigating how the mesolimbic dopamine system contributes to reward sensitivity. Prior animal work has shown that dopamine receptor availability as well as baseline firing rate of dopamine neurons are enhanced in adolescent rodents (Wahlstrom et al., 2010a,b) , both of which are putative neurobiological mechanisms of enhanced motivation (Lisman and Grace, 2005; Luo et al., 2011) . Our finding of developmental changes in VTA-NAcc coupling was specific to a motivationally relevant context. When queried during a resting-state context, in which there were no task demands or goals, there were no age-related differences. Our findings support a model of neurodevelopment in which the core structure of mesolimbic circuitry matures relatively early but in the context of motivation connectivity within this circuit is enhanced during the preadolescent/adolescent period. Surprisingly, our modeling indicated that the peak of VTA-NAcc coupling was apparent during the preadolescent period (10 -11 year olds), which differs from prior literature demonstrating peaks unique to adolescence (Padmanabhan and Luna, 2014; Silverman et al., 2015) . Importantly, our results may be underspecified to accurately detect differences across the preadolescent and early adolescent periods, however, because the current sample undersampled the preadolescent period and did not sample earlier into childhood. Regardless, our findings suggest that although the ability to engage the mesolimbic system is available by adolescence, in the context of reward pursuit or punishment avoidance the adolescent mesolimbic systems may operate at elevated levels.
A limitation of the current study is that comparisons were made across an incentivized task-related context and rest, as opposed to incentivized and non-incentivized task contexts. Given this, our findings currently cannot disambiguate whether contextspecific neurodevelopment of VTA-NAcc coupling is specific to incentivized contexts or rather generalize to any contexts where individuals are viewing task-relevant stimuli and/or executing goaloriented behavior. Given prior research implicating engagement of this circuit during non-incentivized behavior (Kehagia et al., 2010; Ranganath and Jacob, 2016; Boot et al., 2017) , we expect that similar developmental trajectories shown in the current study will be present during non-incentivized contexts, albeit to a lesser extent.
Moderators of state-dependent neurodevelopment
Previous research has demonstrated that the detection of behavioral cues by cortex regulate the functional engagement of the VTA and VTA-NAcc coupling and that phasic engagement of the VTA can lead to prolonged activation of mesolimbic systems (Lohani et al., 2018) . Given that adolescence may be associated with enhanced sensitivity to goal-relevant information in the environment, we characterized relationships between cue-related activation and our state-dependent increases in VTA-NAcc coupling. We found that cue-evoked activation in OFC, middle temporal gyrus, and visual association cortex were related to age-related decreases in VTA-NAcc coupling. Given its well validated role in value processing (Kringelbach, 2005; de la Vega et al., 2016) , we were particularly interested that this whole-brain analysis identified the OFC. Specifically, we found that increased activation in the OFC in response to goal-relevant cues in adolescence partially explained age-related decreases in VTA-NAcc coupling. Prior work in human neuroimaging reliably implicates the OFC in encoding reward value (Levy and Glimcher, 2012 shown that engagement of medial prefrontal cortex can stimulate dopaminergic activation (Murase et al., 1993; Taber and Fibiger, 1993; You et al., 1998) . We hypothesize that increased OFC activity in adolescence represents heightened sensitivity to valuerelated cues in the environment, which in turn increases VTA-NAcc coupling across the entire motivation context, a process that could be associated with greater integration between cortical and subcortical structures (Luna et al., 2015) . Whereas we characterized age-related decreases in OFC engagement to all motivationally relevant cues, prior research has characterized age-related increases in the OFC in response to reward versus neutral events compared with adults Van Leijenhorst et al., 2010) . Our results may differ because of how we characterized OFC reactivity, because we collapsed cue-related responses across a range of motivation cues that indicated reward, punishment, and neutral incentives. This pattern of findings suggests that the OFC shows less selectivity in adolescence because they have elevated responses to all motivationally relevant cues, whereas in adulthood OFC responses may be specific to reward cues. In fact, when we analyzed our data using comparisons of cue-related response to reward versus neutral/ punishment events, we did not see any significant mediation by the OFC. Thus, we hypothesize that our findings may represent that the engagement of the OFC in adolescents may represent an overgeneralized response to motivation extending to neutral cues, which may be increased because of elevated mesolimbic functioning in the broader context.
Less is known about direct roles of the middle temporal gyrus and visual association cortex in modulating mesolimbic activation, particularly during adolescence. A previous study in healthy adults implicated the middle temporal gyrus is assessing risk during reward-based decision-making (Guo et al., 2013) . Furthermore, research has shown protracted maturation of visual association cortex during a spatial working memory task (Simmonds et al., 2017) , which in our task may indirectly reflect adolescents' difficulty in reliably executing cognitive control during the antisaccade task (Ordaz et al., 2013) . Given these findings, we predict that cue-based responses in these regions may signal a need to further engage mesolimbic systems to successfully earn rewards and avoid punishments. This interpretation would fall in line with prior research, which has shown that engagement of mesolimbic circuitry may underlie adolescents' ability to perform cognitive control tasks at adult levels of performance in the context of reward . However, future research is needed to directly relate engagement of middle temporal gyrus and visual association cortex in supporting adolescents' ability to successfully implement cognitive control during states of high motivation.
Conclusions
Together, our findings provide novel evidence that in motivationally relevant contexts there is heightened engagement of mesolimbic circuitry during adolescence that may emerge during the preadolescent period. These findings extend emerging models of adolescent development suggesting that state-dependent increases in dopamine signaling may underlie heightened reward sensitivity. In addition, we provide a network-level model suggesting that elevated mesolimbic processing may be triggered by the processing of motivationally relevant cues in the OFC, middle temporal gyrus, and visual association cortex. Although untested, we predict that engagement of these systems may promote the ability for adolescents to compensate for limitations in the generation of responses that ensure reward receipt. Thus, our findings provide a network-level model of heightened mesolimbic engagement during adolescence, in which adolescents show greater sensitivity to goal-relevant cues in rewarding contexts that in turn increases state-dependent increases in VTA-NAcc coupling. 
